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Climatic conditions and landscape features often strongly affect species’ local distribu-
tion patterns, dispersal, reproduction and survival and may therefore have considerable
impacts on species’ fine-scale spatial genetic structure (SGS). In this study, we
demonstrate the efficacy of combining fine-scale SGS analyses with isotropic and
anisotropic spatial autocorrelation techniques to infer the impact of wind patterns on
plant dispersal processes. We genotyped 1304 Azorella selago (Apiaceae) specimens, a
wind-pollinated and wind-dispersed plant, from four populations distributed across
sub-Antarctic Marion Island. SGS was variable with Sp values ranging from 0.001 to
0.014, suggesting notable variability in dispersal distance and wind velocities between
sites. Nonetheless, the data supported previous hypotheses of a strong NW–SE gradient
in wind strength across the island. Anisotropic autocorrelation analyses further
suggested that dispersal is strongly directional, but varying between sites depending
on the local prevailing winds. Despite the high frequency of gale-force winds on Marion
Island, gene dispersal distance estimates (r) were surprisingly low (<10 m), most
probably because of a low pollen dispersal efficiency. An SGS approach in association
with isotropic and anisotropic analyses provides a powerful means to assess the relative
influence of abiotic factors on dispersal and allow inferences that would not be possible
without this combined approach.
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Fine-scale spatial genetic structure (SGS; the nonrandom
distribution of genotypes) in plants is shaped by vari-
ous processes, including dispersal, demography and
environmental heterogeneity (Loveless & Hamrick 1984;
Hamrick et al. 1993; Nathan & Muller-Landau 2000;nce: Céline Born, Fax: +27 21 808 2405;
born@hotmail.com; celineborn@gmail.com
ress: Department of Geosciences and Geography,
Helsinki, PO Box 64, FI-00014, Finland
of Zoology, University of Johannesburg, PO Box
d Park, 2006, South AfricaKlein et al. 2003; Bohrer et al. 2005; Hardy et al. 2006).
Dispersal represents a complex interaction between an
organism and its environment, as dispersal capabilities
are strongly influenced by landscape features (e.g. wind
exposure, slope angle and topographic heterogeneity)
and climatic parameters (e.g. wind speed, wind direc-
tion and precipitation)(Bullock & Nathan 2008; Dams-
chen et al. 2008; Schurr et al. 2008; Wright et al. 2008;
Kuparinen et al. 2009). This may be particularly true for
wind-pollinated and wind-dispersed species (Sokal
et al. 1986; Soons et al. 2004; Bohrer et al. 2005; Levey
et al. 2008), especially those growing in windy and ⁄ or
topographically heterogeneous environments. 2011 Blackwell Publishing Ltd
SPATIAL GENETIC STRUCTURE AND WIND PROPERTIES 185Spatial genetic structure is typically expressed as the
relationship between kinship (relatedness estimates
between pairs of individuals) and the physical dis-
tance between individuals (Rousset 1997; Hardy &
Vekemans 1999, 2002; Smouse & Peakall 1999; Veke-
mans & Hardy 2004). Most SGS studies have been
based on isotropic spatial autocorrelation analyses,
which have successfully demonstrated the influence of
various factors on species dispersal, including species’
life history traits (Vekemans & Hardy 2004; Luna et al.
2005; Barbara et al. 2008), dispersal vectors (Hardy
et al. 2006) as well as colonization and recruitment
dynamics (Walter & Epperson 2004; Jones & Hubbell
2006; Born et al. 2008a,b). SGS has also been used to
assess the barrier effect of landscape elements (Frantz
et al. 2010), and under the assumption of drift-dis-
persal equilibrium, isotropic SGS analyses can be used
to estimate historical gene dispersal (Rousset 1997;
Vekemans & Hardy 2004; Hardy et al. 2006; Epperson
2007). As a result, isotropic SGS analyses have pro-
vided insights into the importance of wind exposure
for dispersal, including for example, that gene flow in
wind-dispersed or wind-pollinated species is enhanced
in fragmented and open areas (Young & Merriam
1994; Nason et al. 1997; Born et al. 2008a). By contrast,
anisotropic spatial autocorrelation techniques, initially
proposed to detect anisotropic patterns in large-scale
human (e.g. Sokal et al. 1986; Falsetti & Sokal 1993)
and other mammal genetic structures (Hu et al. 2010),
have seldom been used to infer directional patterns in
fine-scale SGS. A case study for plants was carried out
by Dutech et al. (2005) using bearing analyses, as pro-
posed by Falsetti & Sokal (1993) and developed fur-
ther by Rosenberg (2000), to detect anisotropic
patterns in the spatial genetic structure in Valley oak
(Quercus lobata). However, Dutech et al. (2005) failed
to find evidence for directional dispersal for this
wind-pollinated tree species, a result that was later
confirmed by Austerlitz et al. (2007) using a pollen
cloud simulation.
In this study, we combine fine-scale SGS analyses
with isotropic and anisotropic spatial autocorrelations
to document important differences in dispersal capabili-
ties among populations and to highlight how differ-
ences in wind patterns (speed and direction) can
influence plant dispersal processes. We demonstrate the
efficacy of this approach to infer the relative impacts of
wind characteristics on dispersal processes in plants by
studying the SGS of a wind-pollinated and wind-dis-
persed species, Azorella selago Hook.f. (Apiaceae), on
sub-Antarctic Marion Island. West Wind Drift is
thought to be an important vector for propagules across
the sub-Antarctic with the majority of the region’s flora
being wind-dispersed (Huntley 1971). Indeed, the rela- 2011 Blackwell Publishing Ltdtively homogenous composition of the sub-Antarctic
flora may be due to the consistent and effective dis-
persal of seeds between islands by these westerly winds
(Chown et al. 1998; Greve et al. 2005; Felicı́simo et al.
2008). At a finer spatial scale, local wind patterns are
expected to control seed and pollen movements and
thus to structure species’ genetic diversity. We therefore
hypothesize that local dispersal in Azorella selago would
be strongly directional at local spatial scales (owing to
the prevailing winds) and that propagules are dispersed
over longer distances on the windward side of islands
than on their leeward sides. We specifically test these
hypotheses on Marion Island, situated approximately
2200 km south-east of Cape Town, South Africa, in a
region of strong prevailing westerly winds (‘the roaring
forties’).
To test these hypotheses and demonstrate the differ-
ences in dispersal capabilities associated with wind het-
erogeneity, we genotyped 1304 Azorella selago specimens
from four populations across Marion Island using seven
microsatellite markers. Isotropic SGS analyses (Hardy &
Vekemans 2002; Vekemans & Hardy 2004) and gene
dispersal estimations were performed and compared
among these sites to detect possible differences in dis-
persal efficacy as a result of differing wind strength.
Following this, directional SGS analyses (anisotropic
spatial autocorrelations or bearing analyses; Falsetti &
Sokal 1993) were conducted to determine the dominant
dispersal direction at each site.Material and methods
Azorella selago on Marion Island
The Prince Edward Islands comprise Marion (S 46.5,
E 37.4) and Prince Edward Island (S 46.6, E 37.9)
and are situated within the Polar Frontal Zone of the
Antarctic Circumpolar Current. The climate is hyper-
oceanic, characterized by low but stable temperatures
(mean temperature, 6 C; mean daily temperature
range, <3 C; mean seasonal temperature range
4 C), high precipitation (2000–3000 mm p.a.) and
humidity (80%) and near complete cloud cover on
most days (Smith 2002; Rouault et al. 2005; le Roux
2008). The dominant wind direction is from the wes-
terly sector, as expected from the island’s location in a
belt of strong large-scale westerly atmospheric circula-
tion. According to the data collected from 1949 to
2008 at the South African Weather Service’s meteoro-
logical station on the eastern side of the island
(Fig. 1), north-westerly winds are strongest (>10 m ⁄ s),
followed by south-westerly winds (7 m ⁄ s; Rouault
et al. 2005; le Roux 2008). Easterly winds are uncom-
mon and relatively weak. Wind patterns across Marion
Fig. 1 Sample location on Marion Island. The four sites at which Azorella selago was sampled across Marion Island (S 46.5, E 37.4;
290 km2) and the distribution of sampled individuals within each of the four (MP, SR, SK and TB) sites (abbreviations explained in
Table 1). The location of the permanent South African Weather Service’s meteorological station is indicated with a star, and the
wind-rose summarizes wind direction frequency from 1949 to 2008.
186 C . B O R N ET AL.Island have changed over the last five decades, with
an increasing northerly component (Rouault et al.
2005; le Roux 2008). Although it is not unreasonable
to suggest heterogeneity in wind patterns across the
island (e.g. Chown & Avenant 1992), this has never
been verified as long-term data series are not available
for other parts of the island.
Azorella selago is a low-growing, compact and stream-
lined species with a cushion growth form. The species
is widely distributed throughout the sub-Antarctica and
southern parts of South America and plays an impor-
tant role as a pioneer species colonizing unstable scoria-
ceous slopes, recent lava flows and the forelands of
retreating glaciers (Huntley 1972; Frenot et al. 1993).
Azorella selago is considered a keystone species on Mar-
ion Island, as it hosts diverse epiphyte and invertebrate
communities and facilitates the occurrence of many of
these species at higher altitudes (Hugo et al. 2004;
McGeoch et al. 2008; le Roux & McGeoch 2010). No
pollinators or seed dispersers are known for A. selago,
suggesting that the species is wind pollinated and wind
dispersed and may therefore be particularly sensitive to
wind patterns. Pollen release typically occurs during
November and December, with seed dispersal occurring
from the end of January and lasting for several months
(Huntley 1971). During these time periods, north-wes-
terly and westerly winds are predominant on the east-ern side of the island (South African Weather Services,
unpublished).
Four long-term monitoring sites were selected for
this study (see Fig. 1; Table 1): Swartkop Point (SK),
Mixed Pickle Cove (MP), Tafelberg (TB) and Stony
Ridge (SR). These sites are all located in xeric fell field
habitat and are used for monitoring A. selago population
dynamics (see McGeoch et al. 2008 for further details).
Cushion densities (D) were previously documented and
are known to be fairly homogeneous among sites
(Table 1).Wind measurements
Local-scale wind measurements were taken at one of
the study sites to validate assumptions made about the
relationship between local spatial genetic structure and
wind properties. From May 2009, wind speed and
direction were logged hourly for 1 year on Junior’s
Kop, a scoria cone in the vicinity of the TB study site,
using Pace WSD-100 sensors combined with either Pace
XR5 or Campbell CR200 loggers. Sensors were placed at
220 m a.s.l. on the cone’s eastern and western slopes,
with each sensor 1 m above the ground surface. These
sensors were approximately 200 m from the centre of
the TB study site and 1.2 km from the meteorological
station. 2011 Blackwell Publishing Ltd


















E-W S 46.93 E 37.57 288–545 1.2 309 )0.006* ⁄ a 0.006a 0.029* ⁄ a 2.1 10.7 )0.02NS
SR On Stony Ridge W-E S 46.91 E 37.85 78–159 0.9 334 )0.013* ⁄ b 0.015b 0.151* ⁄ b 0.7 5.0 0.17*
TB Below Tafelberg
Plateau
SW-NE S 46.88 E 37.82 100–193 1.1 340 )0.005* ⁄ a 0.005a 0.041* ⁄ a 1.7 6.5 0.05*
MP Above Mixed
Pickle Cove
SE-NW S 46.88 E 37.65 249–507 1.1 321 )0.001NS ⁄ c 0.001c 0.016* ⁄ c – – 0.06*
For each site, kinship coefficient values were regressed on the natural logarithm of the spatial distance between individuals
providing the regression slope bLd. To compare the extent of SGS among populations, Sp statistics were calculated. F1 is the mean Fij
between neighbouring individuals and is approximated by F(d) for the first distance interval (dij < 12.5 m). Gene dispersal estimates
(r) are bounded by r2D and rD ⁄ 10 using 2D and D ⁄ 10, respectively, as boundary estimates for De (D referring to cushion densities).
Wright’s coefficient of inbreeding (Fis) was also calculated for each site.
†To test for SGS, spatial positions of individuals were permuted 9999 times to obtain the frequency distribution of bLd and F1 under
the null hypothesis that Fij and ln(dij) were uncorrelated (cf. Mantel test): P values:
NSP ‡ 0.05, *P < 0.05.
‡bLd, Sp and F1 were compared among sites using t-tests. bLd, Sp and F1 significantly differed between sites not sharing letters.
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At each of the four sites (SK, MP, TB and SR), leaf sam-
ples were taken from 200–220 individuals within a
quadrat of approximately 350 · 350 m; in the centre of
each quadrat, 20–30 neighbouring plants were sampled,
with the remaining 190–200 individuals separated by at
least 5 m. An additional 120 individuals were then sam-
pled from four transects (each approximately 750 m in
length) that ran from the edge of each sampled quadrat
in a NW, NE, SW and SE directions (Fig. 1). This sam-
pling design was adopted to maximize the pairwise
spread of distances between individual plants and the
angles between pairs of samples for the SGS and anisot-
ropy analyses. The geographic position of each individ-
ual was recorded with a handheld GPS unit (eTrex
Vista; Garmin). All leaf samples were air-dried and con-
served in silica gel.DNA extraction, genotyping and quality control
of the data
Total genomic DNA was extracted using a commercial
DNA extraction kit (NucleoSpin 96 Plant II; Macherey-
Nagel). Samples were genotyped using seven species-
specific microsatellite markers (Az5, Az6, Az11, Az13,
Az14, Az17, Az23; Molecular Ecology Resources Primer
Development Consortium et al. 2010). Genotyping was
performed on an ABI 3730 sequencer (Applied Biosys-
tems), using the GS500LIZ size standard (Applied Bio-
systems). Results were recovered electronically, and all
scoring was carried out using GENEMAPPER 3.7 (Applied 2011 Blackwell Publishing LtdBiosystems). The quality of the data was controlled
through double scoring the full data set by hand. A
total of 1304 specimens were successfully genotyped for
at least six of the seven markers, with only 0.3% miss-
ing data (see Table 1). No genotyping errors owing to
null alleles, large-allele dropout or stuttering were
found in our data set using MICRO-CHECKER (Van
Oosterhout et al. 2004).Spatial genetic structure and anisotropy analyses
SGS analyses (isotropic spatial autocorrelations; Hardy
& Vekemans 2002) estimate the strength of SGS and,
therefore, the importance of gene dispersal in shaping
the structure of the genetic diversity within each stud-
ied site. The strength of the SGS is measured by the
slope (bLd) of the relationship between kinship coeffi-
cients (Fij) and the natural logarithm of the spatial dis-
tances (dij) for each pair of individuals (see Fig. 2a), by
F1, the mean kinship coefficient between neighbouring
individuals (separated by a maximum of 12.5 m) and
by the statistic Sp, derived from bLd and F1
[Sp = )bLd ⁄ (1)F1)]. To compare the strength of the spa-
tial genetic structure (and consequently the dispersal
dynamics) among sites, we followed Vekemans &
Hardy’s (2004) procedure based on pairwise kinship
coefficients between individuals, using the software SPA-
GEDI 1.3 (Hardy & Vekemans 2002). Nason’s estimator
of kinship coefficient (Loiselle et al. 1995) was chosen
because of its robust statistical properties (Vekemans &
Hardy 2004). For each site, kinship coefficient values
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Fig. 2 Spatial genetic structure (SGS) correlogram (a) and anisotropic SGS period diagram (b) for the TB study site. (a) Average kin-
ship coefficient, Fij, plotted as a function of pairwise geographic distances between individuals. Error bars represent standard errors
calculated by jackknifing data over each locus. (b) Correlation coefficients, r, plotted against bearing. Open symbols indicate the
absence of significant differences from the value expected under the null hypothesis of random structure (P value >0.05; obtained
from 9999 permutations of spatial locations). Spatial genetic structure (SGS) correlogram (a) and anisotropic SGS period diagram (b)
for the other sites are given as online Supporting Information (Fig. S1, Supporting Information).
188 C . B O R N ET AL.tial distance between individuals, ln(dij), providing the
regression slope bLd (Rousset 2000). To visualize SGS,
kinship coefficient values were averaged over a set of
distance intervals (d: 0–12.5, 12.5–25, 25–50, 50–100, 100–
200, 200–400, 400–600, 600–800 and 800–2000 m), giving
F(d), and plotted against geographical distance. To test
the significance of SGS values, bLd and F(d), spatial
positions of individuals were permuted 9999 times to
obtain the frequency distribution of bLd with the null
hypothesis that Fij and ln(dij) are uncorrelated (cf. Man-
tel test). Means and standard errors of bLd and F(d)
were calculated by jackknifing data over each locus.
Given that our four sites were sampled using a plot
and transect of the same approximate size and were
characterized by comparable cushion densities, the dif-
ferences in the strength of SGS between populations
was compared using bLd, Sp and F1 and using t-tests.
Wright’s coefficients of inbreeding (Fis) were also calcu-
lated using SPAGEDI 1.3 (Vekemans & Hardy 2004).
At fine spatial scales, SGS should reflect the balance
between gene flow and genetic drift [i.e. isolation by
distance (IBD) processes]. When comparing subsamples
within a site which is characterized by a homogeneous
plant density, variation in the strength of the SGS
reflects differences in dispersal distances. As pollination
and seed dispersal would both be strongly affected by
wind direction, we hypothesized the slope of the
regression between kinship coefficient values (Fij) and
the natural logarithm of the spatial distance between
individuals ln(dij) to be less negative along the windvector than across it. Along that wind vector, the stron-
ger the wind, the closer bLd should approximate 0. In
other words, we expect negative kinship-distance
regression coefficients (r) to vary between bearings,
with the lowest r associated with (i) a bearing orthogo-
nal to the bearing with the highest r and (ii) the pre-
vailing wind direction. hMIN and hMAX, respectively,
refer to bearings associated with the weakest and the
strongest negative kinship-distance regressions and are
expected be associated with bearings parallel and
orthogonal to prevailing wind directions. As prevailing
winds are likely to be mainly responsible for gene
dispersal in A. selago, we also expect bLd for hMIN
(bLd MIN) to be significantly less negative than bLd MAX
calculated for hMAX. Likewise, we also expect F1 for
hMIN (F1 MIN) to be significantly lower than F1 MAX cal-
culated for hMAX. To assess the effects of wind direction
on the spatial genetic structure in A. selago, we calcu-
lated directional autocorrelation following the bearing
analysis method (Falsetti & Sokal 1993). Bearing analy-
sis determines the direction of the strongest regression
between data distance matrix (K) and the geographic
distance matrix (D). In our study, the K matrix is based
on kinship coefficient values (Fij) and the D matrix on
the natural logarithm of spatial distances ln(dij). D is
then transformed into 18 new matrices (D0, D10 to
D170), weighting each entry by the squared cosine of
the angle aij [measuring the counterclockwise arc
between the positive x-axis (east) and the vector con-
necting i and j and 18 fixed bearings (h = 0, 10 to 2011 Blackwell Publishing Ltd
SPATIAL GENETIC STRUCTURE AND WIND PROPERTIES 189170); 0 indicating the x-axis (east) and 90 indicating
the y-axis (north)]. This transformation essentially
weights each geographic distance by its alignment with
a test direction. Regressions between K and D0, from
D10 to D170 are evaluated via Mantel tests with signifi-
cance determined by permutation tests using PASSAGE 2
(Rosenberg & Anderson 2011). To compare the strength
of directional SGS, bLd and F1 were then calculated for
bearings hMAX and hMIN. To maximize the number of
individual pairs, a range of 30 around hMAX and hMIN
was considered. As such, bLd MAX and F1 MAX were cal-
culated including pairs of individuals with aij = hMAX
± 15 and bLd MIN and F1 MIN with aij = hMIN ± 15.
Means and standard errors of bLd and F1 were calcu-
lated by jackknifing data over each locus. T-tests were
performed to compare bLd MAX, bLd MIN, F1 MAX and F1
MIN within and among sites.Estimation of gene dispersal
Wright’s neighbourhood size, Nb  4pDer2g, where De
is the effective density of individuals and r2 is the
mean squared parent–offspring distance, can be esti-
mated as Nb = )(1)F1) ⁄ bLd when the regression slope
bLd is computed within the distance range r > dij > 20r.
As r is unknown, an iterative approach (implemented
in the SPAGEDI 1.3 software; Hardy & Vekemans 2002)
can be applied to jointly estimate Nb and r, if De is
known. In our case, the cushion densities are known
(McGeoch et al. 2008 and Table 1; hereafter referred to
as D). However, as a recent study (Cerfonteyn et al.
2011) showed that individual cushions may comprise
multiple individual plants, we therefore applied the
precautionary principle assuming that population sizes
can vary from D to 4D. De can then be approximated as
D*Ne ⁄ N. Demographic studies show that Ne ⁄ N ratios in
adult plant populations typically range from 0.1 to 0.5
(Frankham 1995). We therefore used 2D and D ⁄ 10 as
boundary estimates for De.Results
At each study site, F1 is significantly higher than
expected under the null hypothesis that Fij and ln(dij)
are uncorrelated (Table 1). This indicates the aggrega-
tion of related individuals owing to reduced gene dis-
persal at very small spatial scales. F1, bLd and Sp varied
between sites, respectively ranging from 0.016 to 0.151,
from )0.013 to )0.001 and from 0.001 to 0.015 (Table 1).
bLd are significant for three (SK, TB and SR) of the four
sites. For these three sites, isolation by distance (IBD) is
likely responsible for the spatial distribution of genetic
diversity. For the MP plot, although a significant F1 was
found at small spatial scales, no significant relationship 2011 Blackwell Publishing Ltdbetween Fij and ln(dij) was found. Therefore, reduced
gene dispersal may not be the major process involved
in shaping genetic diversity in the MP site. Fis range
from )0.02 (SK) to 0.17 (SR), indicating variation rang-
ing from no inbreeding to high inbreeding rates.
Historical gene dispersal distances (r) for each site
were subsequently estimated, taking 2D and D ⁄ 10 as
boundary estimates for De. These calculations gave r
values ranging from 0.7 m (SR) to 10.7 m (SK; Table 1).
Although the range of r obtained using 2D and D ⁄ 10 as
boundary estimates for De is large, ranging for example
from 2.1 to 10.7 m for the SK site, it still provides useful
indications of local dispersal distance in A. selago.
Bearing analyses based on anisotropic spatial auto-
correlation showed significant correlations between
pairwise kinship estimates and spatial distance for all
18 fixed bearings (h = 0, 10 to 170; h in degrees north
from due east) for three of the sites (SK, SR and TB; see
Figs 2 and S1, Supporting Information). For MP, the
relationship between kinship coefficient and the natural
logarithm of spatial distance was significant only for a
single bearing value, h = 20. At all sites, the strength of
autocorrelation followed a periodic function against
compass direction, with hMIN and hMAX (the bearings
associated with the weakest and strongest negative cor-
relations) being approximately perpendicular (90–100
difference in bearings; Table 2). Furthermore, the
regression slopes bLd MAX were significantly more nega-
tive than bLd MIN at all sites, with similar results when
comparing F1 MAX and F1 MIN (Table 2). These results
confirm the importance of anisotropic dispersal in shap-
ing the spatial structure of genetic diversity.
Wind data logged in the vicinity of the TB site
(Junior’s Kop) show that the mean wind direction on
the eastern and western aspects of the landform was
similar: East mean = 129 N from due E; West
mean = 101; n = 348 days. So, the mean wind direction
on both the eastern and western aspects of the landform
was approximately from the north-west. These mea-
sures of the wind direction are consistent with the long-
term wind direction recorded since 1967 at the meteoro-
logical station, 1.2 km away (Fig. 1). At the TB site,
hMIN equalled 120 (Table 1; i.e. from NW) and is
strongly aligned with the recorded prevailing wind
direction for this study site.Discussion
The dispersal capabilities of organisms play an impor-
tant role in defining their ability to colonize new areas
and to maintain populations in fragmented or dynamic
environments. Dispersal capabilities may be variable
within species and strongly dependent on environmen-
tal conditions, especially for organisms that undergo
Table 2 Estimates of anisotropic SGS parameters
Site
Maximum correlation Minimum correlation
Bearing hMAX
(degrees N from
due East) bLd MAX†,‡ F1 MAX†
Bearing hMIN
(degrees N from
due East) bLd MIN†,‡,§ F1 MIN‡,–
SK 150 )0.010* ⁄ a 0.015a 50 )0.004* ⁄ a ⁄ * 0.004a ⁄ *
SR 80 )0.023* ⁄ b 0.150b 170 )0.002* ⁄ b ⁄ * 0.126b ⁄ *
TB 20 )0.009* ⁄ ac 0.046c 120 )0.001* ⁄ c ⁄ * 0.024c ⁄ *
MP 20 )0.006* ⁄ c 0.047d 110 0.003NS ⁄ d ⁄ * )0.023d ⁄ *
For each site, kinship coefficient values were regressed on the natural logarithm of the spatial distance between individuals oriented
at a bearing of hMAX ± 15 (i.e. the bearing associated with the strongest spatial autocorrelation) and hMIN ± 15, (the bearing
associated with the lowest spatial autocorrelation, Fig. 2), providing the bLd MAX and bLd MIN regression slopes, respectively. F1 MAX
and F1 MIN were also calculated from these regression results (details in the text).
†To test for SGS, spatial positions of individuals were permuted 9999 times to obtain the frequency distribution of bLd under the null
hypothesis that Fij and ln(dij) were uncorrelated (cf. Mantel test): P values:
NSP ‡ 0.05, *P < 0.05.
‡bLd andFNwere compared among sites using t-tests. Same letters (respectively a, b, c and d) were used when bLd MAX, bLd MIN, FN
MIN, or FN MAXwere not significantly different among plots.
§For each plot, bLd MIN and bLd MAXwere compared using t-tests. P values:
NSP ‡ 0.05, *P < 0.05.
–For each plot, F1 MIN and F1 MAXwere compared using t-tests. P values:
NSP ‡ 0.05, *P < 0.05.
190 C . B O R N ET AL.passive and wind-assisted dispersal. Across the sub-
Antarctic, wind is known to be an important determi-
nant of geomorphological processes (e.g. Hall 2002;
Boelhouwers et al. 2008) and ecosystem distribution
(e.g. Wace 1960; Smith & French 1988) and has been
shown to have strong ecological impacts on various
organisms (Bate & Smith 1983; Pammenter et al. 1986;
Hughes 1987; Whinam 1989; Carcaillet 1995; Klok &
Chown 1998; Bergstrom et al. 2002; Avenant & Smith
2003; Chown et al. 2004; le Roux et al. 2005). The aim of
this study was to empirically highlight spatial variabil-
ity in the local dispersal capabilities of a sub-Antarctic
plant species, which is strongly dependent on wind
dynamics.
Contrary to other approaches based on dispersal
models (e.g. Soubeyrand et al. 2008; Savage et al. 2011),
spatial autocorrelation methods (SGS and bearings
analyses) do not require a priori knowledge of wind
characteristics, propagule features or propagule pres-
sure to assess plant dispersal capabilities. SGS strength
estimated by Sp values ranged from 0.001 to 0.015 for
A. selago at the four sites across Marion Island. These
values span the whole range of Sp values estimated for
other wind-pollinated and ⁄ or wind-dispersed species
(see Table 2 in Vekemans & Hardy 2004) and highlight
the importance of stochasticity and also of context
dependence (i.e. local topography) in dispersal pro-
cesses associated with wind. As all four sites were sam-
pled using the same methodology and were
characterized by similar plant densities, differences in
the strength of SGS are assumed to reflect variability in
gene flow and wind strength between sites. Indeed, a
13-fold variation in bLd among sites suggests that windstrength is highly variable across the island. These
results provide some estimate of the heterogeneity of
wind patterns across Marion Island’s varied topography
and highlight the importance of collecting long-term
meteorological data from more than one location in a
heterogeneous landscape.
Mean wind speed and the prevalence of westerly and
north-westerly winds have been hypothesized to differ
between the windward and leeward sectors of the
island, with the north-western (windward) sector
expected to be characterized by stronger and less vari-
able winds (in addition to higher humidity, greater
rainfall and more stable temperatures) than the south-
eastern sector (Muñoz et al. 2004; Felicı́simo et al. 2008;
le Roux 2008; le Roux & McGeoch 2008). The MP site
had the least negative bLd value ()0.001) and the lowest
F1 value (0.001), which could be attributed to the site
being most exposed to strong north-westerly winds. By
contrast, the TB and SK sites had intermediate bLd
()0.005 and )0.006) and F1 (0.041 and 0.029; Table 1)
values, with the SR site having the most negative bLd
()0.013) and the highest F1 (0.151). This observed vari-
ability in the bLd slopes and in kinship values calculated
for neighbouring individuals (F1) matches the expected
NW–SE gradient in wind strength across the island.
Indeed, the lowest SGS (indicating high dispersal effi-
cacy) was observed at the most north-western site (MP)
and the strongest SGS at the south-eastern most site
(SR), with intermediate SGS slopes observed for the
other two sites.
Moreover, as the kinship-distance regression exhib-
ited periodic functions with compass direction for three
of our four sites, it is evident that SGS in the study 2011 Blackwell Publishing Ltd
SPATIAL GENETIC STRUCTURE AND WIND PROPERTIES 191species is influenced by anisotropic processes, likely
due to directional dispersal linked with the species’
wind pollination and wind-dispersal syndromes. The
bearing associated with the lowest spatial autocorrela-
tion (hMIN) may therefore indicate prevailing wind
direction during pollen release (November and Decem-
ber) and seed dissemination periods (from the end of
January to April). At the TB site, hMIN was 120 (Table
1) and was perfectly aligned with recorded prevailing
wind directions (following bearing 101 on the eastern
and 129 on the western aspect) recorded 200 m from
the site on Junior’s Kop. These bearings are also consis-
tent with the wind data recorded at the South African
Weather Service meteorological station, 1.2 km from
the site. These results strongly support our expectation
that hMIN associated with the lowest SGS indicates the
prevailing wind direction during A. selago propagule
dispersal. Moreover, observed hMIN was independent of
slope orientation, suggesting that seed dispersal by
water drainage is not significant compared with wind
dispersal.
Values of hMIN varied greatly between sites (differ-
ing by 70 between the SK and TB sites; Table 2). If,
as observed for the TB site, hMIN indicate prevailing
wind direction, then, the variation in hMIN among
localities would highlight the influence of local turbu-
lence and ⁄ or topography on wind orientation. Subse-
quently and despite the lack of significance, the MP
data set follows an anisotropic pattern with
hMIN = 110 implying that like the TB site, the MP site
is probably exposed predominantly to north-westerly
winds (Muñoz et al. 2004; Felicı́simo et al. 2008). The
directionality at the SR site (hMIN = 170) has a stronger
western component than the other sites, and this
result may suggest the influence of Föhn winds,
which are relatively common across the eastern sector
of Marion Island (le Roux & McGeoch 2008). The
wind pattern at the south-western site (SK) may dif-
fered most from the other three sites and suggests
stronger and ⁄ or more frequently south-westerly winds
in that area. This result may indicate the presence of
local turbulence, likely due to numerous large land-
scapes features in the immediate proximity of the site
(such as Skuinskop peak) disrupting the prevailing
north-westerly wind and again highlights the impor-
tance of understanding local wind dynamics across
the island.
Despite the high frequency of gale-force winds on
Marion Island (occurring on >100 days per annum),
gene dispersal distance estimates (r; using D ⁄ 10 as esti-
mates for De) are surprisingly low (<10 m; see Table 1).
This may reflect local pollen movement being impeded
by frequent precipitation (the island on average receives
precipitation on 270 days of the year), which may con- 2011 Blackwell Publishing Ltdsiderably reduce pollen clouds, and by high humidity
(mean humidity on the island is >80%) which may
accelerate floral dehiscence (Silva Palacios et al. 2000;
Culley et al. 2002). Indeed, the usefulness of wind as a
pollen vector per se has previously been questioned for
another anemophilous sub-Antarctic plant, Pringlea
antiscorbutica, on Kerguelen Island where autonomous
self-pollination is thought to be the best strategy to
ensure fertilization (Schermann-Legionnet et al. 2007).
Self-pollination may explain, for example, the high Fis
values obtained at the SR site. In addition, our r infer-
ence may only evaluate short distance dispersal (SDD)
although long distance dispersal (LDD) process may
also play an important role, potentially contributing to a
considerable fraction of local pollination for A. selago
and other sub-Antarctic plant species. Pollen coming
from external sources would be homogeneously distrib-
uted throughout the study sites and would as such not
influence the fine-scale SGS. In our case, r estimate
based on fine-scale SGS would consequently only be
informative on SDD and studies considering larger
scales would be necessary to complete our understand-
ing of sub-Antarctic plant dispersal. Additional methods
are also required to obtain more detailed information on
gene flow, particularly separating pollen and seed
movement and documenting the shape of dispersal
curves after accounting for anisotropy (e.g. Austerlitz
et al. 2007).Conclusion
This study empirically highlights the potential of fine-
scale isotropic and anisotropic SGS analyses in linking
climatic variables with dispersal processes. Specifically,
we demonstrate that SGS patterns in A. selago show
strong heterogeneity across Marion Island. Our results
also suggest this variation to be linked to heterogeneity
in wind patterns over the island. These results are of
particular relevance given that the sub-Antarctic region,
including Marion Island, is currently experiencing sig-
nificant changes in climate. An increase in the influence
of the South Indian Ocean anticyclone in the region
appears to be responsible for the development of a war-
mer and drier climate with stronger winds and shifts in
the dominant wind direction (Chapuis et al. 2004; Roua-
ult et al. 2005; Felicı́simo et al. 2008; le Roux 2008; le
Roux & McGeoch 2008). The distribution and survival
of sub-Antarctic plant species have already been identi-
fied as being sensitive to these changes in climate
(le Roux et al. 2005; le Roux & McGeoch 2008), and this
study now provides evidence to suggest that the
region’s flora may also experience changes in gene flow
and propagule dispersal if the climate continues to
change.
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Felicı́simo AM, Muñoz J, Gonzáles-Solis J (2008) Ocean surface
winds drive dynamics of transoceanic aerial movements.
PLoS ONE, 3, e2928.
Frankham R (1995) Effective population-size adult-population
size ratios in wildlife – a review. Genetical Research, 66, 95–107.
Frantz AC, Pope LC, Etherington TR, Wilson GJ, Burke T
(2010) Using isolation-by-distance-based approaches to
assess the barrier effect of linear landscape elements on
badger (Melesmeles) dispersal. Molecular Ecology, 19, 1663–
1674.
Frenot Y, Gloaguen JC, Picot G, Bougere J, Benjamin D (1993)
Azorellaselago Hook – used to estimate glacier fluctuations
and climatic history in the Kerguelen Islands over the last
two centuries. Oecologia, 95, 140–144.
Greve M, Gremmen NJM, Gaston KJ, Chown SL (2005)
Nestedness of Southern Ocean island biotas: ecological
perspectives on a biogeographical conundrum. Journal of
Biogeography, 32, 155–168.
Hall K (2002) Review of present and quaternary periglacial
processes and landforms of the maritime and sub-Antarctic
region. South African Journal of Science, 98, 71–81. 2011 Blackwell Publishing Ltd
SPATIAL GENETIC STRUCTURE AND WIND PROPERTIES 193Hamrick JL, Murawski DA, Nason JD (1993) The influence of
seed dispersal mechanisms on the genetic structure of
tropical tree populations. Vegetation, 108, 281–297.
Hardy OJ, Vekemans X (1999) Isolation by distance in a
continuous population: reconciliation between spatial
autocorrelation analysis and population genetics models.
Heredity, 83, 145–154.
Hardy OJ, Vekemans X (2002) SPAGEDi: a versatile computer
program to analyse spatial genetic structure at the
individual or population levels. Molecular Ecology Notes, 2,
618–620.
Hardy OJ, Maggia L, Bandou E et al. (2006) Fine-scale genetic
structure and gene dispersal inferences in 10 Neotropical
tree species. Molecular Ecology, 15, 559–571.
Hu Y, Zhan X, Qi D, Wei F (2010) Spatial genetic structure and
dispersal of giant pandas on a mountain-range scale.
Conservation Genetics, 11, 2145–2155.
Hughes JMR (1987) The distribution and composition of
vascular plant communities on Heard Island. Polar Biology, 7,
153–162.
Hugo EA, McGeoch MA, Marshall DJ, Chown SL (2004) Fine
scale variation in microarthropod communities inhabiting
the keystone species Azorellaselago on Marion Island. Polar
Biology, 27, 466–473.
Huntley BJ (1971) Vegetation. In: Marion and Prince Edward
Islands: report on the South African biological and geological
expeditions, 1965–1966 (eds van Zinderen Bakker EM Sr,
Winterbottom JM and Dyer RA), pp. 98–160. A.A. Balkema,
Cape Town, South Africa.
Huntley BJ (1972) Aerial standing crop of Marion Island plant
communities. Journal of South African Botany, 38, 115–119.
Jones FA, Hubbell SP (2006) Demographic spatial genetic
structure of the Neotropical tree, Jacaranda copaia. Molecular
Ecology, 15, 3205–3217.
Klein EK, Lavigne C, Foueillassar X, Gouyon PH, Laredo C
(2003) Corn pollen dispersal: quasi-mechanistic models and
field experiments. Ecological Monographs, 73, 131–150.
Klok CJ, Chown SL (1998) Interactions between desiccation
resistance, host-plant contact and the thermal biology of a
leaf-dwelling sub-antarctic caterpillar, Embryonopsishalticella
(Lepidoptera: Yponomeutidae). Journal of Insect Physiology,
44, 615–628.
Kuparinen A, Katul G, Nathan R, Schurr FM (2009) Increases
in air temperature can promote wind-driven dispersal and
spread of plants. Proceedings of the Royal Society B-Biological
Sciences, 276, 3081–3087.
Levey DJ, Tewksbury JJ, Bolker BM (2008) Modelling long-
distance seed dispersal in heterogeneous landscapes. Journal
of Ecology, 96, 599–608.
Loiselle BA, Sork VL, Nason J, Graham C (1995) Spatial genetic
structure of a tropical understory shrub, Psychotriaofficinalis
(Rubiaceae). American Journal of Botany, 82, 1420–1425.
Loveless MD, Hamrick JL (1984) Ecological determinants of
genetic-structure in plant-populations. Annual Review of
Ecology and Systematics, 15, 65–95.
Luna R, Epperson BK, Oyama K (2005) Spatial genetic
structure of two sympatric neotropical palms with
contrasting life histories. Heredity, 95, 298–305.
McGeoch MA, le Roux PC, Hugo EA, Nyakatya MJ (2008)
Spatial variation in the terrestrial biotic system. In: The Prince
Edward Islands. Land-Sea Interactions in a Changing Ecosystem 2011 Blackwell Publishing Ltd(eds Chown SL and Froneman PW), pp. 245–276. Sun Press,
Stellenbosch, South Africa.
Molecular Ecology Resources Primer Development Consortium
(2011) Permanent Genetic Resources added to Molecular
Ecology Resources Database 1 August 2009–30 September
2009. Molecular Ecology Resources, 10, 232–236.
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